Résumé. 2014 Nous étudions l'influence de la résonance électronique sur les largeurs de 
Abstract. - We examine the effect of electronic resonance enhancement on the line broadening for Coherent AntiStokes Raman Scattering (CARS) and related third-order non linear processes, in low pressure gases. These phenomena are analysed theoretically within the framework of a time-ordered diagrammatic representation of nonlinear polarizations. Diagrams facilitate the classification of the various physical processes and provide a way to readily derive all the susceptibility contributions. In CARS, the susceptibility terms which are Dopplerfree and thus prevail in the Doppler limit are different from those which dominate in the collision broadening regime. This causes important changes in the spectral content. On the contrary, the same terms are seen to dominate, in both regimes, in coherent Stokes Raman scattering or in stimulated Raman scattering. Typical line contours are displayed. The generalization to all nonlinear processes is outlined. [1, 2] , is the high-resolution near Doppler-free Raman spectroscopy of gases [3] [4] [5] [6] [7] . The [3, 4, [7] [8] [9] [10] . The spectroscopy has established that the spectra contain,
for the most part, three distinct families of lines [2, 11, 12] , with intensities which depend upon the population of the lower Raman level a. We shall examine in section 3 the line contours for these three families,
and also the contours of the hot lines associated with the upper Raman level b. The theory is discussed in the case of mixed broadening (collisional + Doppler). The discussion is done in the framework of the time-ordered diagrammatic representation of nonlinear polarizations, which has been used recently for resonant CARS in the pure collision broadening limit [2, 12, 13] as well as for saturation spectroscopy and Doppler-free two-photon spectroscopy [14] [15] [16] [17] .
We show that not all CARS lines are Doppler-free, which is in contradiction to what was speculated in ref. [11] . Doppler broadening in off-resonance CARS is also discussed briefly : we confirm the recent results of Henessian and Byer [9] . We also show that a representation of the timeordered processes in energy-momentum space allows us to readily determine if any given nonlinear process is subject to Doppler broadening [17, 18] . In an isotropic medium such as the gas that we consider, the induced CARS polarization has the same polarization vector ê and can be written :
with (2) and k3 = 2 k1 -k2 ; since the polarization vectors of E(z, t) and :f(3)(Z, t) are parallel, the susceptibility X(3)( (03) will be treated as a scalar from now on.
Finally, we note that eqs. (1)- (3) Pk»,z -i&#x3E;z I, t -I, i&#x3E;z&#x3E; and Pk)+ &#x3E;z, t, i&#x3E;z) in the case of an interaction with field components e-i(wJt-kJz) (a) and e+i(wjt-kjZ) (b). (Fig. 2a) , the lower ( -) sign otherwise (Fig. 2b) .
The same rule is used to obtain peu + 1) from peu) ' We consider the contribution to this polarization from the set of eigenstates 1 oc &#x3E;, 1 f3), 1 y &#x3E;, 1 b &#x3E; such that 1 ri) and 1 f3 ) have the same parity and 1 y), 1 b) have a parity opposite to that of au and ! 1 f3 ). Assuming that y is connected with a by the first interaction, and ô with a or f3 by the third interaction, one finds [12, 19] figure 4) . Finally, the transition is labelled according to its rank in the time sequence of interactions, i.e. n + 1 in figure 4 . The slope will be positive for interaction with a forward propagating wave, negative otherwise.
The coherence {1f3 possesses a wavector k0153p which satisfies the relationship where the summation is taken over the complete set of n + 1 waves which interact with the molecule to establish the coherence (Xp. It has been established [8, 18, 21, 22] that the a -fl transition under probe will not be subject to Doppler broadening if the condition is satisfied, or, in other words, if the coherence is vertical in figure 4 . Then all molecules participate equally and we have a true Doppler-free process. This is the case of two-photon absorption lines as well as three-photon absorption lines which are Doppler-free under certain experimental conditions [21, 22] ; for such processes, the relationship (12) had been formulated slightly differently by Cagnac and coworkers as the sum of momenta of absorbed and emitted photons is zero [21, 22] .
We shall see in the next section that the Raman coherence ab never satisfies condition (12) (Fig. 1) figure 5 .
On resonance, the contributions of figures 5a, 5e become very large, and the six other contributions can be neglected since they possess at least one antiresonant one-photon denominator. In addition, one must also take into account terms possessing the two-photon resonance Wn'n -Wl + W2 = 0 where Wn'n is a vibrational frequehcy of the excited electronic state.
Some of them are represented in figure 6 ; in particular diagrams 6c and 6d depict two terms which are studied in ref. [12] , where they are called corrective terms because they do not possess the Raman reso- (1) interchanging n and n', or (2) replacing n' by n, or (3) replacing n by n', in each of these diagrams. tures which are inherently stronger and narrower, we have the important consequence that the resonant CARS spectral content at low pressure can be quite different from that at high pressure. There are indeed terms (not shown in Figs. 5, 6) which were not considered in the collision broadening limit [12] and which can become important at low pressure if they are selectively Doppler-free (such as Raman antiresonant terms possessing the denominator In this paper, we shall restrict the discussion to the terms represented in figures 5 and 6 . To illustrate the use of the diagrammatic representation, we shall now write the expression for the term associated with diagram (a) of figure 5 using eq. (10) :
Integrating over ! l' ! 2' ! 3 and using eqs. (3) and (8) with Ç = j + il and 0 = vz/u.
From (15) and (16) , one obtains :
with (6) The CARS line profile is thus given by 1 w * (Cb,,,) 1 (6) If the opposite sign is chosen for c;ba' w* in eq. (17) is replaced by w since w*(j = w(-'*). versus col -OJ2' which is tabulated or can be obtained numerically. [2, 11, 12] . They correspond to the three possibilities of double resonance in the main susceptibility term X (3) 5a «o 3) (Fig. 5a) Wn'b' and therefore that the set of eigenstates 1 a &#x3E;, b &#x3E;, 1 n &#x3E;, n' ) which gives the largest contribution to the susceptibility is generally different from that of the first two types. (1) plot of the imaginary, dispersive, part of w(Çba) versus Çba; (2) plot of the Gaussian real part of w(Çba) ; (3) plot of 1 w*(Çba) 1.
For the laser-enhanced Raman lines, the first denominator in (14) is large enough for its vZ dependence to be neglected, and we obtain, using with (ba as defined for eq. (17) and
The integral in (18) is the sum of two convolution products which can be expressed in terms of two complex error functions (eq. (16) in,a -iÙa n a g 'a ''na with reduced variable (ba replaced by (n'a' As a consequence, the width of the electronic line is of the order of the full Doppler width of the one-photon electronic absorption line. It is larger than that of the laser-enhanced Raman line by a factor k/(k1 -k2). We also note by comparing (19) and (20) figure 5a in the Co,,'b -O)l = 0 (curve 1), (Wn'b -col)/2 n = 2 wp (curve 2). We Doppler limit (17na = 17ba = 17n'a = 0), with Çna = 0 and with measure for the FWHM 2.64Avp(l) and 2.57 Ovp (2 where, if a given interaction (i) is highly nonresonant, the effective time ri for which one has a non zero contribution to the integral is very short so that the contribution from r, to eq. (25) where g(l'z) is the product of three complex Lorentzians (see for instance eq. (14) in the case of figure 5a). (Fig. 12) . The latter arises from the following term in the susceptibility : For the three cases, the maximum of the selectively Doppler-free double resonance is at as is expected from eq. (29) . We measured the FWHM to be 2 f y/2 n, which is the expected collisional broadening (i.e. the width of this confirms that the double resonance is Dopplerfree. We notice that curve (3) has a second smaller and broader maximum near Çba = 0 ; this resonance can also be predicted from the expression for X(3) 5e (ÙJ3) as given in (29 (1) [24] and Hânsch and Toschek [25] . We 13 .
In resonant SRS, col is tuned near the one-photon absorption frequency Wna and cv2 is tuned across (J)1 -(Ob.; the Raman gain on the field at (J)2 is monitored and scales as the imaginary part of the Raman susceptibility X (3) (-W2' W2' Wl, -col). The spacetime diagrams depicting the main contributions to X(3)(W2) are shown in figure 14 where the corresponding energy denominators are also indicated. One recognizes the coherent Raman part (diagrams a and d) and the hot luminescence part (diagrams b and c) of the susceptibility [13, 26] . The strongest lines in the [20] . In the present paper we have assumed the fields to have a common linear polarization ê and non-degenerate levels for simplicity so that the previous quantity will be written :
We get therefore the following third-order polarization :
with If we introduce the notations :
the susceptibility contribution can be written :
The 0 integral is calculated as usual :
1f we define a, = k(")Il k'&#x3E; ) we get :
or in a form which can be generalized to higher perturbation order :
The total polarization of the medium is finally obtained by summing over all possibilities to choose the successive exr, Pr and the three fields.
We with [23] and we get for Ço :
which is smaller than the selectively Doppler-free triple resonance by a factor of the order of y2 /(kU)2, and thus cannot emerge from the background. These expressions and considerations are applicable to all nonlinear processes : saturation spectroscopy, two-photon spectroscopy, CARS, CSRS and SRS, etc...
